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REFERENCE TO A "SEQUENCE LISTING,'' A TABLE. OR A COMPUTER 
PROGRAM LISTING APPENDIX SUBMITTED ON COMPACT DISC 
Not Applicable 

BACKGROUND OF THE INVENTION 
! . Fl ELD OF THE INVENTION 

1 This invention relates to new process and reactor designs including permeubk 
reactors (permreactors) and permeators for the hydrocarbon steam reforming, 
hydrocarbon carbon dioxide reforming, combined hydrocarbon steam and carbon dioxide 
forming, alcohol steam reforming, water gas shift, paraffin dehydrogenation, methanol 
synthesis, and combination of these conversion reactions for production of valuable fuels 
and chemicals. I. also relates to the utilization of the end reaction products such as pure 
hydrogen, hydrogen and carbon monoxide, hydrogen and earbon dioxide, and mixtures of 
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these species, into specific applications such as rue) cells, gas turbines, gas engines and 
s\iuhcs is reactors. 

2. INSCRIPTION OF THE RELATED ART INCLUDING INFORMATION 
DISCLOSED UNDER 37 CFR 1.97 AND 1.98 

> This current invention describes new and improved process and reactor designs 
which involve permeable reactors (pcrmreactors) and permeators for the hydrocarbon 
steam reforming, hydrocarbon carbon dioxide reforming, combined hydrocarbon sieam 
and carbon dioxide reforming, alcohol steam reforming, the water gas shift reaction, 
dehydrogenation reactions of hydrocarbons, such as dehydrogenation of alkanes (i.e., 
paraffins) to alkenes, and combination of these previous reactions. 

The reactions and heats of reactions that are referred to and utilized within the 
embodiments of the invention are well known and are listed below: 
CI I 4 + 1 1 2 0 = CO + 3H 2 (AH D W 8=206. 1 kJ/mol), methane-steam reforming ( 1 ) 
CI b + C0 2 = 2CO + 21 1 2 (AH" 2 «=247.3kJ/mol), methane-C0 2 reforming (2) 
CO 1 11 0 - COj + H, (AH°wi-41.15WAnol), water gas shift 13) 

r 11, , -r Hi + H? (endothermic dehydrogenation reactions, heat of reaction 

( „i H+i „"-n ^ depend . ng on lhfi vpe of feedstock processed in the 

reactor, e.g., ethane, propane, butane, pentane) ^ 

CO t- 21 1 2 - CH.,OH lAH*^- -1 28.2kJ/mol), methanol synthesis (5 > 

t'( >, <■ 31 1, - CH3OH + H 2 0 (AH°*>r -49.5kJ/mol), methanol synthesis 
CH,01 1 ' 1 hO CO a 3H 2 (AH" 2 g8- 49.5kJ/mol), methanol-steam reforming (7) 
4 These are catalytic reactions utilizing catalysts such as nickel (Ni), ruthenium 
(Ru). rhodium (Rh), palladium (Pd), platinum (Pt), chromium (Cr), copper (Cu), zinc 
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i/.n). Cobalt (Co), Gold (Au) and other metals, and bimetallic catalyst com posi lions of 
these metals. The catalysts are supported on alumina (Al 2 O.0. titania (Ti0 2 ). silica (SiOj). 
/.irconiii <ZrtW. lanthanum (La 2 0.<) and other supports, enriehed with earth meuds such 
as Ca, I a, Na, K. 

H I )sc or reactor and membrane permeator configurations and systems disclosed in 
our previous US patent application: # 08/595040, increase the overall process efficacy by 
increasing the total conversion of the following feedstocks: hydrocarbon, hydocarbon- 
a> 3 mixtures, methane, methane-CCb mixtures, alcohols. Moreover, the yields to 
hydrogen and carbon monoxide or hydrogen and carbon dioxide are increased by the use 
or the integrated membrane permcators which separate effectively H 2 and C0 2 gases. 
Process efficiency is Turther improved by the recycling of unreacted and non-separated 
^on-penm-ated) hydrocarbon (e.g., methane) and carbon monoxide into the first 
(primary) reactor (reformer) or the alternative direction of the same stream into a 
ttniHccuiive catalytic reactor (reformer or water gas shift reactor) for additional 
production of hydrogen and carbon dioxide. Direct utilir^tion of the produced and 
separated hydrogen, synthesis gas, and hydrogen-carbon dioxide mixtures from these 
process,* into consecutive synthesis reactors, fuel culls and gas turbines and engines are 
additional advantages and continual applications of the proposed processes. 
* C urrent invention elaborates on the substitution of the primary conventional 
reactor (i.e., reformer, water gas shift, dehydrogenation reactor) by a permeable 
, membmne-type) reactor («, called pcrmrcactor for simplicity) of specific design, and the 
vorrcpondingly derived improved process and permeable reactor-separator 
conditions for the above mentioned reactions. Moreover, introduction and 
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opecificuiinn of double wall permreactors, besides the single wall permreactors, for 
conducting similar reactions are also disclosed. The described pcrmreactors are designed 
to consist of interconnected parts which can be readily taken apart and assembled when 
service is necessary. For the disclosed integrated reaction-separation systems specific 
iippliealions are disclosed such as the utilization of the end products and/or permeated 
(separated) streams into consecutively placed synthesis reactors (including additional 
reformers or water gas shift reactors), gas turbines and engines, and various types of 
hydrogen based fuel cells and related fuel cell systems. 

7 Previous reactor and permeable reactor designs from the above cited references 
refer mainly to methane and methanol steam reforming reactions but not to carbon 
dioxide reforming, water gas shift and dehydrogenation reactions as the present invention 
does. Moreover, previous inventions refer to a single reactor or permreactor or other 
reaction vessel instead of reactor-separator systems as the present invention describes. 
Prosenl invention introduces double permeable-wall (double membrane-wall) reactors for 
hydrocarbon and alcohol processing reactions. The double membrane-wall reactors can be 
of various designs as disclosed within the embodiments of the invention. These can be 
catalytic reactors as adapted to specific process requirements in terms of setting key 
operating variables such as reaction temperature, pressure, space velocity, feed 
composition, to deliver final products (i.e., hydrogen and synthesis gas) in the purity and 
throughput required by consecutive applications. Moreover, flexibility in the selection of 
permreactor wall materials such as metals, inorganics, organics and composites, allows 
design of multifunctional permeable reactors which separate and deliver specific species 
(e.g., gases) with the required purity and throughput to consecutive applications. 

4 
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Flexibility in the selection of functional and specific permreactor wall materials for each 
process operation has also economic advantages. Current disclosed permreactor. 
separator, and overall process designs can utilize membrane materials selected from 
classes of metals, inorganics (non-porous or porous), polymers, carbons and 
carbonaceous materials, and composites. Therefore, the selection of less expensive 
membrane materials for a specific permreactor, permeator and process operation is 
available with current invented designs. 

X Present invention also teaches direct utilization of end product streams to 
consecutive synthesis reactors, fuel cells, gas turbines and gas engines. Present invention 
ibcuus on converting and upgrading primary hydrocarbon feedstocks such as methane, 
natural bw. coal gas, refinery feedstocks such as naphtha and alcohol feedstocks such as 
methanol and ethanol to higher calorific value hydrogen and carbon oxide mixtures; also 
ii focuses on converting secondary and waste hydrocarbon feedstocks such as acidic 
natural gas. biomass gas to same valuable end products. Therefore, present invention 
describes environmentally benign reactor designs and process designs which abate and 
upgrade at the some time otherwise waste gases to valuable hydrogen, synthesis gas, 
hydrogen and carbon dioxide mixture. In situ conversion of carbon dioxide containing 
hydrocarbon mixtures and abatement of the carbon dioxide negative atmospheric and 
terrestrial greenhouse effect can be considered an additional benefit from the 
implementation of the invention. 

liRllil- SUMMARY OF THK INVENTION 
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l ) l'he present invention discloses double wall permeable reactors and the related 
elaborate reactor designs, which offer operational advantages by conducting in-situ 
reactions, in comparison with single wall permeable reactors and conventional non- 
permeahle reactors. Consequently, three different permeable reactor configurations arc 
disclosed. These reactor designs are applied to catalytic hydrocarbon and alcohol 
reforming, water gas shift and hydrocarbon dehydrogenation reactions. The first design is 
a double wall permreactor which consists of three concentric hollow cylindrical tubes 
wilh the two inner ones to be made by permeable metal, inorganic, carbon or polymer 
materials depending on the type of feedstocks used and the desired composition of final 
cvit streams. Heating tubes run through the most-inner cylinder which is also filled with 
the main reaction catalyst. Similarly, the second reactor design consists also of three 
concentric hollow cylindrical lubes with the two inner ones to be made by permeable 
metal, inorganic, carbon or polymer materials but with the main reaction calalyst to be 
contained in the annular space between the most-outer and the next-inner tubes. Heating 
in this design is achieved by heating the external side of the most-outer tube. Third 
reactor design consists of an outer impermeable tube which nests multiple organic 
polymer or composite polymer tubes for gas permeation. Outer tube contains also the 
main reaction catalyst which is located around the polymer tubes. Heating is achieved by 
external heating of the outer tube. Moreover, the invention pertains to systems of the 
dosciibed permeable reactors wilh consecutive permeators for separation and further 
processing of post-reaction gases exiting from the reactors. Permeators can be made by 
polymer membranes for the concomitant separalion of hydrogen and carbon dioxide gases 

or hi rm-l-t, non-g^rmm inorgRnic nnd carbon membrane* for the ser-nmtirm of hydrogen 
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onl\. These permreactor-permeator systems are applied to combined hydrocarbon steam 
and carbon dioxide reforming, hydrocarbon steam reforming, hydrocarbon carbon dioxide 
reforming. aJcohol steam reforming, water gas shift and paraffin dehydrogenation 
reactions for increasing the reactant conversion and the yield to hydrogen, carbon 
monoxide and carbon dioxide. The separated hydrogen and carbon oxides are used in 
further chemical synthesis reactions and as fuel in fuel cells, gas turbines and gas engines. 

10 The invention also includes hydrocarbon-C0 2 -stcam reforming systems of 
permreactors with cryogenic separators wherein the consecutive permeators are replaced 
by cryogenic separators and pure hydrogen and carbon monoxide are recovered as final 
products. Similar permreactors are also directly interconnected with solid oxide fuel cells 
for use of the products hydrogen, carbon monoxide and steam as direct fuel in the anode 
of the cell. Finally, the invention includes use of the disclosed permreactors in series with 
methanol synthesis and methanol reforming reactors for final production or methanol, 
hydrogen and carbon dioxide for use as synthesis chemicals or fuels. Detailed description 
of the invention arc presented in the embodiments of the following Figures. 

BRIUF INSCRIPTION OF THE DRAWINGS 

1 1 Fig. I . shows the cross section of a concentric double permeable wall cylindrical 
reactor with tubular type heaters located along the catalyst zone, consisting of an inner 
metal, non-porous or porous inorganic, or carbon membrane tube and an outer membrane 
ink- maile by metal, non-porous inorganic, carbon or organic membrane enclosed within 

it f;ir-outer impermeable tube. 

Fig.2. shows multiple double permeable wall reactors of those described in Fig. I. 
b„i without the external impermeable tube, which are placed symmetrically inside a 
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larger common stainless steel tube, to create a multiple tube reactor with a common 
external area for collecting final permeate hydrogen. 

Fig.3, shows a cross section of a concentric double permeable wall cylindrical 
reactor, consisting of an outer impermeable tube, a next-inner membrane tube made by 
metal, non-porous or porous inorganic, or carbon membrane, and a most-inner membrane 
tube made by metal, non-porous inorganic, carbon or organic membrane. 

I ; ig.4, shows multiple double permeable wall cylindrical reactors ol* those 
described in Hig.3, which are placed symmetrically inside a larger stainless steel tube, to 
create a multiple tube reactor with a common external heating area. 

I : ig5., shows a cross section of a multiple permeable membrane tube reactor 
wherein the membranes are made by an organic or composite polymer and are nested 
within an outer impermeable tube. 

l ig.6, shows a system of a catalytic permreactor and a consecutive pcrmeator or 
optionally a system of two catalytic permreactors in series for hydrocarbon steam and 
C(h reforming or for hydrocarbon C0 2 reforming only. The reject from the permcator 
stream containing non-permeate hydrocarbon and CO can be optionally fed into u 
consecutive catalytic steam reforming reactor. 

lig.7, shows a similar process as in Fig.6 in which the initial feedstock consists 
only of CO and steam, to undergo water gas shift reaction only in the first catalytic 
permreactor. The reject from the permcator, CO stream, can be recycled into the initial 
permreuvlor or optionally fed into a consecutive water gas shift reactor. 
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shows a permreactor-permeator or reaclor-permeator system applied for 
catalytic dehydrogcnation of C)-C 4 or higher alkane hydrocarbons; the reject from the 
membrane permeator olefinic stream can be used for polyolefin production. 

I : ig.9> shows a catalytic pcrmreactor-perrneator system for the hydrocarbon steam 
reforming reaction. The reject from the membrane permeator hydrocarbon and CO stream 
urn he recycled into the initial reformer or fed into a consecutive steam reforming reader. 

l'ig.10, shows a system of a catalytic permreaetor or impermeable reactor with a 
consecutive cryogenic separator for hydrocarbon steam and CO: reforming or for 
hydrocarbon C0 2 reforming only. The one stream separated from the cryogenic separator, 
containing hydrocarbon, C0 2 and steam can be alternatively fed into the inlet of the initial 
reforming reactor. 

I ig. 11, shows a system of a catalytic permreaetor or impermeable reactor for 
hydrocarbon steam and C0 2 reforming or hydrocarbon C0 2 reforming only with complete 
conversion of hydrocarbon and COa gases to H 2 and CO, which product mixture is fed 
directly mto an SOFC (solid oxide fuel cell) unit for electric current generation. 

Tig. 12, shows a system of a catalytic permreaetor or impermeable reactor 
followed by a membrane permeator for hydrocarbon steam and C0 2 reforming or 
h>drocaibon C0 2 reforming only with complete conversion of hydrocarbon and C0 2 
feedstocks to lb and CO which product mixture enters into the permeator which 
separates U 2 via permeation from CO. 

Hg.13, shows a system of a catalytic permreaetor for hydrocarbon, steam and CO?, 
reforming or hydrocarbon C0 2 reforming only with a consecutive methanol synthesis 
rvtwior from hydrogen, CO and CO, or hydrogen and CO only followed by a methanol 
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steam reforming reactor for production of H 2 and CO,. The system of reactors includes 
recycling streams of 1I } and C0 2 for increasing the overall process efficacy. 
|)KTA!U:n DESCRIPTION OF THE INVENTION 

12 lig.l shows a cross section of the membrane reactor to be used in steam and 
carbon dioxide reforming of hydrocarbons, steam reforming of alcohols, water gas shift 
and dehydrogenation reactions, which consists of a concentric double wall cylindrical 
assembly with tubular type heaters located within the catalyst, along the catalyst /.one. An 
outer impermeable tube (7) nests the two permeable concentric tubes. Reacting 
feedstocks such as steam and hydrocarbon, C0 2 and hydrocarbon, steam, CO* and 
hydrocarbon, sleam and alcohols, or alkanes (paraffins) such as ethane, propane, n- 
butarw. i-buumu. pentane, naphtha and higher paraffins, are fed within the main catalyst 
/one (4) through special inlet fittings and they react in the catalyst to produce hydrogen, 
carbon monoxide, carbon dioxide. Optionally, small volumetric quantities of hydrogen 
can be added into above feedstocks to prevent heavy catalyst deactivation in the reactor 
.„,„. therein propensity for hydrocarbon cracking into carbon is high in absence of any 
hydrogen. The hydrocarbon reforming catalyst can be nickel, ruthenium, rhodium, 
palladium enriched with earth type metals such as potassium, calcium, magnesium, 
lanthanum, cerium, and supported on alumina, silica, titania, zirconia or other inorganic 
oxide. For the water gas shift reaction the catalytic metal can be nickel, also iron, copper, 
/inc. chromium, cobalt enriched with and supported on similar metal oxides. The 
methanol reforming catalysts can be zinc, chromium, copper, iron, nickel, ruthenium, 
rhodium, palladium. Finally, the above described reactor design is applied as well for 
pommn talkanc) dehydrogenation reactions and the reactor becomes a cninlytic 
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dehydrogenator which utilizes platinum, chromium, palladium catalysts enriched with 
iind supported on similar inorganic oxides. 

! 3 I lydmgen is removed along the inner membrane tube (2), wherein the membrane 
is made by a metal or inorganic (non-porous or porous), porous inorganic-metal or carbon 
material. Carbon monoxide, carbon dioxide, steam, hydrocarbons, alcohols may also 
permeate through first membrane in a lesser degree than hydrogen if the membrane is 
porous inorganic or inorganic-metal. An inert carrier gas such as argon, nitrogen, steam or 
u mixture of these gases may flow along the permeate annulus, between tubes (2) and ( I ), 
through suitable inlet fittings, to carry the permeate components at a specific pressure 
value. Permeate hydrogen is further removed through permeation along the outer 
membrane lube (1) so that permeated stream contains pure hydrogen only, with pure 
hydrogen to be used in various applications including feed to synthesis reactors, gas 
turbines and engines, and fuel cells. Outer membrane tube (1) is made by a metal, non- 
porous inorganic or carbon membrane which allows only hydrogen to permeate through, 
and therefore purifies hydrogen from the permeating carbon oxides, steam and 
hydrocarbons, in the annular zone between the two membrane tubes. 
14 Metal materials permeable to hydrogen for the membrane tubes (1) and (2), 
include palladium, vanadium, and palladium alloys such as palladium-nickel, palladium- 
sdver. palladium-zinc, palladium-chromium, palladium-copper, palladium-tungsten and 
others. Hydrogen permeable non-porous inorganic membranes include silicon carbide, 
silicon nitride, tungsten carbide, tungsten nitride, titanium carbide, titanium nitride. 
..malum carbide, tantalum nitride and others. Porous inorganic membranes include 

.mmimu .ili* titania, zireoma, various type* of glass and other*. Cn.W type 
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membranes are mode by deposition or other fabrication method (i.e., pyrolysis) of carbon 
or ciirbonaccous materials within a porous substrate to make it hydrogen permeable. 
15 Metal and metal alloys can be deposited on porous inorganic or metal surfaces U> 
make them hydrogen permeable. Palladium and other metal deposition as membranes can 
he- done wilh electrons plating, electroplating, sputtering, chemical vapor deposition, 
physical vapor deposition and other applicable metal deposition or metallization 
techniques. Inorganic, inorganic-metal membrane materials can be deposited as well in 
porous inorganic or metal surfaces via various deposition techniques including incipient 
welness, dip coating and sol gel methods. 

1 (, ( )rganic polymer, composite or copolymer membranes can be made by polymers 
such as polyimides, polycarbonates, polysulfoncs, polybcn/iimidazolcs, 
polyphosphates, polyamides. polystyrenes, polycaprolactams, parylenes, polyvinyl 
halides. nolyaeetates, polysiloxanes and others to be permeable to hydrogen or to 
hydrogen and carbon dioxide. Finally, composites of the previous materials can be also 
made as hydrogen permeable membranes such as inorganic-metal, inorganic-organic, 
morganiomeial-organic composites. Metal and metal alloy, non-porous inorganic and 
carbon membranes are highly selective to hydrogen, while porous inorganic, organic, and 
compose membranes are usually selective to other species as well. The disclosed double 
permeable wall reactor design can be fabricated by selecting among the aforementioned 
materials to satisfy process requirements for the reactor itself and the consecutive 
application processes disclosed later in the text. 

1 7 The external space, created between the outer hydrogen permeable membrane lube 
, j > nnd the impermeable for outer shell (7), which receive* the final permeate hydrogen. 
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can be cither empty, or may contain a selective catalyst (5) which converts permeate 
hydrogen after its combination with a component flowing in the external space parallel to 
the outer membrane tube. Such a flowing (sweep) component can be an unsaturated 
hydrocarbon (e.g., alkenes, alkynes) for conversion to saturated hydrocarbons after 
reaction with hydrogen, in an exothermic reaction. Flowing (sweep) component can be 
also carbon monoxide for direct production of methanol or gasoline (through Fiscber- 
Tropsch synthesis) after combination with the permeate hydrogen in exothermic type 
reactions. Flowing gas can be nitrogen for exothermic ammonia synthesis after its 
combination with the permeate hydrogen, Other combination reactions of flowing species 
with permeate hydrogen can be these for reduction of aromatic hydrocarbons, also these 
for saturation of unsaturated alcohols, phenols, aldehydes, ketones, acids, these for 
reduction of ulkyl and aryl halides and these for reduction of nitroalkanes and aromatic 
nitro compounds to corresponding primary amines. 

18 The heat generated by exothermic reactions in the external shell, may be 
transferred into the catalytic reaction zone of the inner membrane tube via the radial 
direction, thus providing part of the heat load necessary to drive the endothermic catalytic 
reactions in the inner membrane tube. 

I <) Permeation of reaction products through the membrane tubes, especially hydrogen 
through the inner membrane tube, shifts the thermodynamic equilibrium conversion of 
reactant species to the product side and produces excess hydrogen and carbon oxide 
products within the catalytic reaction zone (4). Outer membrane tube thereby, serves as a 
Until permeable medium for the recovery of highly pure hydrogen product for use in 
hydrogen utilization applications. Outer metal membrane tube serves also as a separation 
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medium for hydrogen oui of the central annular zone between the two membrane tubes, 
s» that partial pressure of hydrogen lowers substantially along the annular /one, and 
therefore continuous driving force exists for hydrogen permeation from the catalytic 
auction zone (4) to the central annular zone (8). As an alternative to the invented design, 
for low operating gas reforming and dehydrogenation temperatures (e.g., between 200- 
AiWC) in the absence of steam as a reactant, the inner membrane tube (2) can be made by 
porous inorganic or inorganic-metal materials and the outer membrane tube (1) can be 
made by organic materials which withstand high temperature (i.e.. materials with high 
t;la* transition temperature, Tg), and are permseleetive to both hydrogen and carbon 
dioxide which permeate through the inner tube (2) and flow along the central annular 
/.one (8). The mixture of Hi and CO, can be used directly in chemical synthesis 
application, such as this of alternative methanol synthesis via the reaction: 
COr^Hr-ClbOH+lhO, and as direct feed in molten carbonate fuel cells via the overall 
electrochemical reaction: Hz+CXfe+l/M, -> H 2 0 + CO>. Moreover mixtures of H, and 
CO, can be converted to CII4 or CO, if a special application requires, via the methnnation 
or reverse water gas shift reactions respectively given below: 

COj+41 h-CI h+2HjO. COj+Hj-CO+HjO 
20 The external (outer) membrane (I) serves also as a backup membrane medium in 
awe the inner membrane develops cracks or defects and its permeability to various gases 
increases. In this case, the outer membrane will selectively separate specific gases based 
on the selected membrane material as described above. Moreover, operational and 
mn.nieni.ncc service for replacing old or damaged membrane and outer non-membrane 
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luhcs becomes easier with Ihe proposed design, because each part of the reactor is 
interconnected with the rest and can be disassembled and assembled accordingly. 
21 Heating or the reformer or reactor is achieved via tubes (6) arranged 
symmetrically around the reactor axis and operated in the gas combustion regime by 
flowing waste type hydrocarbons or hydrocarbon-hydrogen mixtures mixed with oxygen 
or air. Unreacted hydrocarbons, carbon monoxide, non-permeate hydrogen or any mixture 
of these species from the reformer outlet can be recycled as well into the heating 
combustion tubes (6). In an alternative heating configuration, a single cylindrical tube 
having the shape of a tube or a coil is located along the reactor axis and can be operated 
by using some quality of combusted gases. In a third alternative configuration the 
symmetrically located tubes with flowing gas can be replaced by cylindrical electric 
heaters, heating bars or coils. 

22 I ig-2, shows multiple double permeable wall reactors of those described in Fig. 1 , 
but without die far outer impermeable tube (7), which are placed symmetrically inside u 
larger impermeable tube (Al), to create a multiple tube reformer with a common external 
arva for collecting final permeate hydrogen. 

23 Mg.3 shows another developed reformer or reactor design to be used in steam and 
carbon dioxide reforming of hydrocarbons, steam reforming of alcohols, water gas shift 
and dehvdrogenation reactions. Reformer or reactor consists of a most outer impermeable 
tubular cylinder (shell) (1) which is hollow inside in order to nest two more concentric 
tubular cylinders, a next inner one (2) and finally a most-inner (3) which both are made 
by ponm-able materials. Most outer cylinder (1 ) is made by impermeable stainless steel or 
alloy,, but next-inner cylinder (2) consists of metal, metal alloys, non-porous and porous 
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inorganics, porous inorganic-metals or carbon materials such as those described in 
embodiment of Fig. I. 

>4 I he derived concentric cylindrical assembly has proper inlet and outlet fittings for 
feeding the feedstocks and discharging the post-reaction species. Proper inlet and outlet 
linings are interconnected with the different sites of the cylindrical assembly. Fittings arc 
connected to the annular space between most-outer and next-inner cylinders to deliver 
and collect gases flowing in this space. Additional independent fittings are connected to 
the unnular space between the next-inner and most-inner cylinders to deliver and collect 
gnses n.nving in this space. Additional independent fittings are connected to the tubular 
space 01 the most-inner cylinder to deliver and collect gases flowing in this space. The 
linings arc made in such a manner so that they can seal in a leak-free manner each 
contending space, and the overall cross section of the double permeable wall 
cylindrical tube assembly. Before the fittings are applied and tighten, the annular space 
between the most outer (external) and next-inner cylinders is filled with the proper 
reaction catalyst in pellet or particle form to make the catalytic reaction .one (4) . Proper 
catalyst is used for each reforming, water gas shift and dehydrogenation reactions. 
Catalysts used in these reactions are same with these mentioned above in description of 
embodiment of Fig. 1. 

25 In steam. C0 2 reforming of hydrocarbons, steam reforming of alcohols, water gas 
shift and paraffin dehydrogenation reactions, hydrogen is removed along the next-inner 
lateral cylindrical metal membrane surface (2), with carbon monoxide, carbon dioxide, 
steam, hydrocarbons, alcohols to possibly also permeate through inner lateral membrane 
surface in a lesser degree than hydrogen depending on the membrane material used. An 
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incr, carrier «a« .uch M ar e on. n.tro«en. ».ca.n <>- - mixture °' «*«*«* «*•""- "'"^ """" 
aL.n* .He permeate annu.u*. between IU b« <2> and (3>. thrown suitable inlet /"..tin,-,., to 
, n . ocrmea.e eomponenta at a »pcc.nc pressure valu, Permeate Hydroaen Ik further 
rttm( ,v.,. .hr.,u E h P^nnclon .lon e the -face of most-inner -embrano tube <3, 

„„ .hat .he Una. permeated Htream ^.n, pur, hydrogen cn.y. with pure hydrogen to be 
u*ed i„ various appUca.io M inc.udin* feed Co Hyn.hea.a reaetor.. « M turbine, and engine, 

"7 "".rJ'L-.-lnn-r membra. <ubo C3> I- ™ade h, » meta>. metal alloy. non-ponn» 
ln „r».n.c or carbon membrane which a..o~ S — y hydros .o permeate through and 
therefore purine, hydros from *e pern,= M ,n g erben ox.de -team and hydr, )C arbon, 
in «He an-u.ar .one cr«».cd between .he next-inner and nos.-inncr eyHndric... 
M„b,a n c tunes <3> — ™<*« wlIh "—'"actt.rina technique* as 

dccrlhed in .mbodlmcn. of Fl«.l. The -..-.-inner membrane tube can be either 
.n.pty or may contain a Be.eCtW* cata.y*, (3, which conv.™ permeate hydro*o.. 
c„ mW ncd wl.h another component nowin B .hrou B h the inner bore of thi., tt.be. S^h u 
n, will , < K wcep> component can be an unsaturated hydrooarbon ...... a,*ene«. al.yneK, 

r.,r eonver S ".o.. to s^tcd hydrocarbons. »«er reason with the permeate M^n .n an 
,, wh cr„„c ruae.ion. K,„w,n S < B wecp> eomponent for Hydr« B enation by the permen.e 
h> . u r lltt c„ can be a.-o carbon ntoocidc for direct production of methano, or S^oHne 

hv u roea,bon 8 .thrown Fischer-Tropsch. syndesis, in exothermic type reactions. Flowing 
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ineil currier gas such as argon, nitrogen, steam or a mixture of Ihose gases, may flows 
along the permeate annulus, between tubes (2) and (3), through suitable inlet fittings, to 
carry the permeate components at a specific pressure value. Permeate hydrogen is further 
removed Ihrough permeation along the lateral surface of most-inner membrane tube (3) 
so that (he final permeated stream contains pure hydrogen only, with pure hydrogen to be 
used in various applications including feed to synthesis reactors, gas turbines and engines, 
and fuel colls. 

2o The most-inner membrane tube (3) is made by a metal, metal alloy, non-porous 
inorganic or carbon membrane which allows only hydrogen to permeate through and 
therefore purifies hydrogen from the permeating carbon oxides, steam and hydrocarbons, 
(lowing in the annular zone created between the next-inner and most-inner cylindrical 
lube* Membrane tubes (2) and (3) can be made with similar manufacturing techniques as 
those described in embodiment of Fig.l. The most-inner membrane tube can be either 
empty or may contain a selective catalyst (5) which converts permeate hydrogen 
combined with another component flowing through the inner bore of this tube. Such a 
[lowing (sweep) component can be an unsaturated hydrocarbon (e.g., alkenes, alkynes) 
li,r conversion to saturated hydrocarbons, after reaction with the permeate hydrogen in an 
exothermic reaction. Flowing (sweep) component for hydrogenation by the permeate 
hydrogen can be also carbon monoxide for direct production of methanol or gasoline 
hydrocarbons (through Fischer-Tropsch synthesis) in exothermic type reactions. Flowing 
t sweep) gas can be nitrogen for exothermic ammonia synthesis after combination with the 
permeate hydrogen. Other combination reactions with permeate hydrogen can he these for 
rol.iclinn of aromatic hydiwnrhonn, nl** these for »tu«tU>n of un.atun.tad alcohols, 
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phenols, aldehydes, ketones, acids, these for reduction of alkyl and aryl halldes and these 
lor reduction of nitroalkanes and aromatic nitro compounds to corresponding primary 
amines Alternatively, pure permeate hydrogen can be used as direct feed in hydrogen 
based turbines and engines, fuel cells, and other power generation equipment. The heat 
generated by exothermic reactions in the most-inner cylindrical bore, may be transferred 
imo the catalytic reaction zone of the outer membrane cylinder via the radial direction, 
thus providing part of the heat load necessary to drive the endothermic catalytic reactions 
in catalyst bed (4) located within the outer membrane cylinder. 

:7 Permeation of hydrogen through the first inner membrane tube, shifts the 
thermodynamic equilibrium conversion of reactant species to the product side and 
produces excess hydrogen and carbon oxide products for reforming and water gas shift 
renelion*. and hydrogen only for paraffin dchydrogenation reactions. 
28 Most-inner membrane tube thereby, serves as a final permeable mediiun for the 
recovers of highly pure hydrogen product for use in hydrogen utilization applications. 
Most-inner metal membrane tube serves also as a separation medium for hydrogen out of 
the annular zone between the two hollow cylindrical membrane tubes, so that partial 
pressure of hydrogen lowers substantially along the annular zone, and therefore 
continuous driving force exists for hydrogen permeation from the enclosed catalytic 
reaction /one (4) to the central annular zone (7), through the next inner membrane tube 
I?.). 

20 As an alternative to the invented design, for low operating gas reforming and 
dchydrogenation reaction temperatures (e.g., between 200-400°C> and in the absence of 

*lunt, the- ncxt-i^r mombran* tub- <1> can be mwfo by P*rou* Wb«.,!« or 
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inorganic^metal materials which are permeable to several species diffusing out of the 
reaction zone (4), and the most-inner membrane tube (3) can be made by organic 
materials which withstand high temperatures (have high glass transition temperature, Tg> 
and are permselective to both hydrogen and carbon dioxide species which flow along the 
central annular zone (7). The binary permeate mixture of Ik and CO2 can be used in 
applications described already in embodiment of Fig.l . 

M\ The most-inner membrane serves also as a backup membrane medium in ease the 
first-inner membrane develops cracks or defects and its permeability to various gases 
increases. In this case, the most-inner membrane will selectively separate specific gases 
based on the selected membrane material as described above. Moreover, operational und 
maintenance service for replacing old or damaged membrane and outer non-membrane 
tubes becomes easier with the proposed design, because each part of the reactor is 
interconnected with the rest and can be disassembled and assembled accordingly. 
?>\ Heating of the described reformer or reactor is achieved via external heat 
provision (6). The external to the reformer combustion regime can be ttieled hy Hawing 
waste type hydrocarbons or hydrocarbon-hydrogen mixtures mixed with oxygen or air. 
Unreaeted hydrocarbons, carbon monoxide product, non-permeate hydrogen product, or 
any mixture of these post-reaction species coming out of the cylindrical reformer outlet 
connected with the catalyst zone (4), can be recycled as well into the external 
combustion-healing /one (6). Optionally, external heating of most-outer shell 0) can be 
provided by cylindrical type heaters or heating elements (i.e., made by ceramic, 
composite materials) in contact with the shell. 
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."?2 Fig.4, shows multiple double permeable wall cylinder reactors of those described 
in l-'ig.-v which are placed symmetrically inside a larger impermeable tube (shell) (Al ), to 
create a multiple tube reformer with a common external heating area. 

33 I'ig.S shows a cross section of a reformer or dehydrogenation reactor which 
consists of multiple cylindrical hollow polymer membrane tubes or fibers (1) nested 
within :in outer impermeable metal cylindrical tube (2) which also contains the catalyst 
(.1 1 in particle or pellet form, for the specific reactions mentioned below. 

34 Reacting gas feedstocks free of steam such as C0 2 and hydrocarbons also paraffin 
hydrocarbons arc fed within the catalyst zone (3) through special inlet fittings and they 
react in the catalyst to produce hydrogen and carbon monoxide or hydrogen and olefins. 
Optionally, small volumetric quantities of hydrogen can be added into above feedstocks 
in inlet of the reactor assembly, to prevent heavy catalyst deactivation in the reactor inlet, 
wherein propensity for hydrocarbon cracking into carbon is high in absence of any 
hydrogen. The COj (dry) reforming or dehydrogenation catalysts are the same metallic 
type with those described in embodiment of Fig. I. Steam is avoided as a reaetant in the 
reactor (o avoid long term plasticization and structural damage of membrane tubes and 
loss of related permeability and selectivity properties. 

35 Hydrogen product from these reactions is removed along the surface of the 
multiple membrane tubes (1), wherein the membranes are made by organic polymer or 
composite polymer membranes. Traces of carbon monoxide, carbon dioxide, product 
sieum, olefins, and unreacted hydrocarbons may also permeate through the membrane 
tubes (It in o lesser degree than hydrogen. The permeate gas mixture is continuously 
*.m.» V «l ihrnuah the inner ,Me of the membra n,he» <.nd now- . L-nmmon 
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impermeable metal shell which is interconnected with all the membrane tubes and sealed 
from the gases flowing into the catalytic reaction side (3). Optionally, a flowing 
component can flow along the inner membrane lube (1) to sweep and dilute the permeate 
yas as it Hows through the tubes. 

In an optional design, catalyst in form of pellets or particles (4) can be contained 
wilhin the inner side of the polymer membrane tubes to carry suitable catalytic reactions 
(such as hydrogenations) in which one of the reacting species is permeate hydrogen and 
ihe other reaction species are contained within the flowing gas. Such a flowing (sweep) 
component can be an unsaturated hydrocarbon (e.g., alkenes, alkyncs) for conversion to 
saturated hydrocarbons, after reaction with hydrogen, in an exothermic reaction. Flowing 
(sweep) component can also be carbon monoxide for direct production of methanol or 
gasoline (through Fiseher-Tropsch synthesis) after combination with the permeate 
hydrogen, in exothermic type reactions. Flowing gas can be nitrogen for exothermic 
animonin synthesis after its combination with the permeate hydrogen. Other combination 
reactions with permeate hydrogen over specific metallic catalysts, can be these for 
reduction of aromatic hydrocarbons, also these for saturation of unsaturated alcohols, 
phenols, aldehydes, ketones, acids, these for reduction of alkyl and aryl halides and these 
lor reduction of nitroalkanes and aromatic nitro compounds to corresponding primary 
amines. Part of the heat generated by the exothermic reactions in the inner side of the 
tubes, may be transferred across the membranes* into the common catalytic reaction zone 
O) surrounding the multiple membrane tubes, thus providing part of the bent load 
necessary to drive the endothcrmic catalytic reactions in catalyst zone (3), 



2\ 
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37 Permeation of reaction products and especially hydrogen through the membrane 
lubes (1), shifts the thermodynamic equilibrium conversion of reaetant species to the 
product side and produces excess hydrogen, carbon oxide, and olefins respectively within 
[he catalytic reaction zone (3). Permeate collected hydrogen through the inner lubes (1), 
can be used in chemical synthesis or fuel applications as described in embodiment of 
Fig.l. 

38 As an alternative to the disclosed design, for low operating reforming and 
dehydrogenation temperatures (e.g„ between 200-400°C), the inner tubes (I) can be made 
by materials which are permselective to both hydrogen and carbon dioxide products 
which permeate along the surface of the tubes (I). The separated mixture of H 2 and CG 2 
con he used in applications described in embodiment of Fig.l . 

y) The main heating of the catalyst zone (3), is achieved via external heating (5) of 
the impermeable most-outer reactor shell (2) through combustion of flowing waste type 
hydrocarbons or hydrocarbon-hydrogen mixtures mixed with oxygen or air. Unreacted 
hydrocarbons, carbon monoxide, non-pcrmeate hydrogen or any mixture of these species 
coming out of the outlet of catalytic zone (3) can be recycled as well into the external 
combustion zone (5). Optionally, external heating of outer shell (2) can be provided by 
an> type of cylindrical type heaters or heating elements (i.e., ceramic, composite). 
40 I ig.6, depicts a system of catalytic pcrmreactor with consecutive permeator (or 
optionally a pcrmreactor) and optionally another final consecutive reactor, for conducting 
reforming and gas shift reactions. In Fig.6, stream 1 contains hydrocarbon feedstocks 
such as methane (CH 4 ), higher alkanes (paraffins), naphtha, and natural gas, mixed with 
steam and COa and introduced in catalytic pcrmreactor A for conducting simultaneously 

22 
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reactions (1 K (2) and (3), or mixed with CO2 only for conducting reactions (2) and (3)> 
Some hydrogen may be added into stream 1, which is usually between 1-15% of the feed 
volume, lo depress carbon formation from hydrocarbon cracking especially in the inlet of 
permreactor A. 

41 Catalytic permeable reformer A, is of any of the types described in embodiments 
nl Figs. 1.2,3,4, and 5 above, with H 2 to be separated in permeate stream lb via valve 
AU in the general case. IIj and CO2 combined, can be separated in permeate stream in 
special applications, if an organic membrane is used in permreactor A. The rejected exit 
stream from the permreactor may contain product CO together with unreacted steam 
UWKg)>i and hydrocarbon, and non-permeate H 2 . This stream becomes stream 2 
and enters into heal exchanger B, where the unreacted sieam is removed through 
condensation, and by the heat exchanging process new steam is generated in stream 6 
from the water or steam of stream 5. Stream 6, can provide steam in permreactor A and 
reactor li through streams 9 and 10,18 respectively, in an alternative or simultaneous 
manner via use of valves Bl.EI. The steam in 6 aquires the exchanged heat load from 
stream 2, the hot gas effluent of permeable reformer A, and thus its derived stream* 
qjo, 1 8 can be mixed directly with streams 1 and 1 2 which are fed directly into reactors A 
and li respectively. 

42 Mteam from 6 is used via streams 10,18 and valves Bl.EI to provide the initial 
steam content in reformer E. Stream 7, passes through a bed of particles C (moisture 
adsorbent) to remove any non-condensed traces of moisture and through exit stream 8 
enters into membrane permeator D. Stream 8, contains CO product, non-permeale H, 

product, untwL'd hydrocarbon (e.g., CH 4 ) and C0 2 B *bcb *nd h*a been cooled at tliir 

23 
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operating temperature of pcrmeator D. H2 or both H 2 and C0 2 are removed in permeate 
sircam 1 1 of pcrmeator D, through the permselective action of a metal, non-porous 
inorganic, carbon, or organic membrane respectively. Non permeating stream containing 
hydrocarbon (e.g., CH4), CO and CO2 or hydrocarbon and CO respectively* depending on 
the type of membrane used in permeator D, exits from pcrmeator D ( through stream 12 as 
reject stream. Stream 12 enters into reformer E ? for conducting simultaneously reforming 
and water shift reactions selected from the group of reactions (1), (2) and (3). and be 
converted to final U 2 . CO, CO2 or H 2 and CO2 only products, depending on the feed 
composition of stream 12 in reformer E. Steam in reformer E is provided via stream IX. 
Unrcacted steam is removed from exit stream 15 by passing this stream through heal 
exchanger K. Steam is generated from water or sicam of stream 16 and via streams 17,18 
mid valve El, the generated steam is fed into inlet of reformer E. Exit stream 19 contains 
I \ h CO, CO2 or 1 CO2 products and traces of unreacted hydrocarbons, depending on the 
operating conditions, that is the temperature, pressure, space velocity and feed 
composition of streams 12 and 18, of reformer E. Reformer fi, can be replaced by a 
permeable reformer K similar to permeable reformer A, wherein Ih is separated in 
permeate and the reject exit stream 19 consists of CO and CO2 or CO2 only. 

43 Reformers A and E are endothermic and flue gas streams 3,4 and 13,14 
respectively are used to provide the necessary heat content to drive parallel reaetions (1 ), 
(2 ) and (3) to completion. The two reformers can operate at same or different temperature 
and pressure conditions. 

44 ll conversion is high in permeable reformer A under certain operating conditions, 
the product in slream 2 is mainly CO and H* which can be used directly as synthesis gu* 

24 
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in methanol synthesis via the direct exothermic reaction; CO+2H 2 =CH;vOH, also in 
rischer-Tropsch type reactions for production of gasoline type hydrocarbons, and us fuel 
in gas turbines und engines and solid oxide fuel celts for power generation. 
4? If the overall process consists of two reformers and the intermediate permeator, 
and the final product is a H 2 and CO2 mixture in exit stream 19, it can be used separately 
nr it can be mixed with stream 11 to make a combined H 2 and COz stream. This 
combined H2, CO2 mixture can be used for direct methanol synthesis via the exothermic 
reaction: 3H2+CO2~CHjOH(B)+H20(g). Also, the H 2> CQ 2 mixture can be used as direct 
feed in molten carbonate fuel cells for electricity generation via the overall 
electrochemical reaction: 

1 F 2 KX) 2 -H/20 2 (cathode) ---»II 3 0+C02 (anode) 
Ah Alternatively, COj can be condensed cryogenically from the binary mixture and 
pure hydroyen can be produced. Final H 2 product can be used for chemical synthesis or as 
direct feed in fuel cells and gas turbines and engines for power generation applications 
(e,g,. transportation, stationary). Applicable hydrogen driven fuel cells for utilizing the 
pure separated hydogen from the process, include proton exchange membrane (PEM), 
solid oxide (SOFC), molten carbonate (MCFC), alkaline (AFC), phosphoric acid (PAFC) 
and modifications and combinations of these fuel cells. 

47 Generated hydrogen product from the process ean be combined with an 
tin.saturaied hydrocarbon (c,g,, alkenes, alkynes) for conversion to saturated hydrocarbons 
in an exothermic type reaction. Also, with carbon monoxide for direct production of 
methanol (as described above) or gasoline (through Fiseher-Tropsch synlhesis) in 
exothermic type reactions. Hydrogen can be also combined with nitrogen for exothermic 
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ammonia synthesis. Other combination (synthesis) reactions with permeate hydrogen am 
he these for reduction of aromatic hydrocarbons, also these for saturation of unsaturated 
alcohols, phenols, aldehydes, ketones, acids, these for reduction of alkyl and aryl halides 
And these for reduction of nitroalkanes and aromatic nitro compounds to corresponding 
primary amines. 

48 The described process is able to overcome the thermodynamic equilibrium 
limitations of hydrocarbon (CH4) and CO2 reactant conversion, through the removal of 1 1 2 
only, or of H> and C0 2 gases in membrane permreaetor A and permeaior D. The calorific 
value of the obtained Hz, CO product in permreaetor A, is higher than this of the reactant 
hydrocarbon (e.g., CH 4 ), C0 2 and steam and the endothermic heat of reaction is stored in 
the products which can be subsequently used as fuels or in chumical synthesis. 
4 4 > Assuming 100% conversion of reactions (1) and (2) and reaction (3) in 
equilibrium in permreaetor A, 2 mol of CIU (with heat of combustion: 425.6 kcal), 1 mol 
of CO: (with no heat of combustion), and 1 mol of H 2 0(g) (with no heat of combustion), 
produce 3 mol of CO (with heat of combustion: 202.8 kcal) and 5 mol of H 2 (with heat of 
combustion: 341.5 kcal). These values are at 25°C. This corresponds to about 28% 
increase in calorific value for the product. Kndothermic heat can be provided in reformers 
A and I: through the combustion of flue or waste gases or unreacted recycled 
hydrocarbons coming out of the exit of reaction zone of reformers A and f\ as also 
described in Kigs.l and 3 above, 

50 In an alternative design, permeator D is replaced by a catalytic permreaetor D 
is herein the water gas shift reaction occurs if stream 8 is rich in product CO. In suuh case 
p^rmrettt'tor D is made by metal, non-porous inorganic, ot carbon membranes to sparine 
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only hydrogen in permeate. Exit reject stream 12 from permreactor D contains product 
CO> and unreacted steam and can be recycled in the first reforming permreactor or used 
in downstream applications either as a mixture or as pure CO z after condensation of the 
steam. 

51 l : ig.7, describes a similar embodiment with the one described in Fig.6, but feed 
sireum 1 contains carbon monoxide (CO) only, mixed with steam, and introduced in 
catalytic permreactor A which is filled with catalyst particles to conduct the water gas 
shift reaction only. 

52 Catalytic permeable water gas shift reactor A, is of any of the types described in 
embodiments of Figs. 1 ,2,3,4, and 5 above, with Ha to be separated in permeate stream 1 b 
via valve Al, in the general case. Hj and CO2 combined, ean be separated in permeate 
stream for special applications, if an organic membrane is used in permreactor A. The 
rejected exit stream from the permreactor contains product CO together with unreacted 
si cam (ll;0(g)) and non-permeate H2. This stream becomes stream 2 and enters into heat 
exchanger B, where the unreacted steam is removed through condensation, and by the 
heat exchanging process new steam is generated in stream 6 from the water or steam of 
stream 5. Stream 6, can provide steam in permreactor A and reactor E through streams 4 
and 11,13 respectively, in an alternative or simultaneous manner via use of valves B 1 ,F 1 . 
I he steam in 6 aquires the exchanged heat load from stream 2, the hot gas effluent of 
permeable reactor A p and thus its derived streams 4,11,13 can be mixed directly with 
si reams I and 12 which are fed directly into reactors A and E respectively. 

53 Steam from 6 is used via streams 1 1,13 and valve Fl to provide initial steam in 
rvai'tor I-.. Stream 7 p.iwyes through *i bed of particles (moisture ndsorhent) C to remove 
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any non-condensed traces of moisture and through exit stream 8 enters into membrane 
permeator D. Stream 8 contains non-pcrmeate product U 2 > product C0 2 and unreacted CO 
yascs and has been cooled at the temperature of permeator D. H 2 and C0 2 are removed in 
permcale stream 9 through permselective action of membrane in permeator D. Non 
permeating CO exits from permeator through stream 10 which can be called a rejed 
stream. Stream 10 can be recycled via valve Dl and stream 3 into the first permeable shift 
reactor A for contiuous shift reaction and conversion to H 2 and CO> products. 
Alternatively, by use of same valve Dl, stream 10 becomes 12 which enters into reactor H 
for additional shift reaction (2), and conversion to final H 2 , C0 2 products. Steam in E is 
provided via stream 13. Unreacted steam is removed from exit stream 14 by passing this 
stream through heat exchanger F. New steam is generated from water or steam of stream 
15 and via streams 16,13 and valve FI is fed into inlet of reactor E. Exit stream 17 
contains H 2 , C0 2 products and traces of unreacted CO depending on the operating 
conditions, that is the temperature, pressure and feed composition of streams 12 und 13, 
of reactor K. 

54 Shift reactors A and E arc exothermic and no heat input is necessary as with the 
previous endothermic reformers described in previous embodiments. Stream 1 needs to 
be preheated in temperature of permeable reactor A before entering into reactor, Using 
the heat content of streams 2 and 14 exiting from the reactors to provide the necessary 
heat content in the feed streams 4 and 13 entering into the reactors, the entire process 
operates in an autothennic way with no additional heat input necessary. The two shift 
reactors can operate at same or different temperature and pressure conditions. 



28 



Received from <> at 3/28/03 7:06:03 PM [Eastern Standard Time] 



MAR-29-03 07:41 AM 





P. 13 



55 F,xit stream 17 can be used separately or it can be mixed with stream 9 to make a 
combined H 2 and CO2 stream to be used for chemical synthesis or as fuel in applications 
similar to the ones mentioned above for the reforming reactors. Pure H2 from the process 
can be recovered after the CO2 condensation and removal, Pure hydrogen from the 
process, can be used as fuel or in chemical synthesis applications, as described in 
embodiment of Fig.6 above. 

56 The described shift process is able to overcome the equilibrium CX> reaeuml 
conversion limitations, through removal of H2 in permreactor A and intermediate removal 
of Us and C() 2 products in permealor D. Thus, the process increases CO conversion and 
H2. £lh yields above those obtained in conventional water gas shift reaction separation 
systems for production of II2 and C0 2 . By use of the two heat exchangers each shift 
reactor operates in an autothermic way with no need of additional heat load in the system 
except for the initial preheating of stream 1 to start-up operation in permreactor A, 

57 I ig.8 is an embodiment of a system of catalytic permreactor with consecutive 
penncator for conducting paraffin (alkane) dehydrogenation reactions. In Fig,*i, stream 1 
contains hydrocarbon feedstocks such as ethane, propane, n-butane, i-bufcane, naphtha, or 
liquid alkanes such as pentane, hexane, heptane. Liquid alkanes are vaporized by 
preheating before fed into catalytic permeable dehydrogenator A. Some hydrogen may be 
added into stream I, which is usually between 1-15% of the feed volume, to depress 
carbon formation in the catalyst from hydrocarbon cracking especially in the inlet of 
pcrmrcacior A. 

58 Catalytic permeable dehydrogenator A, is of any of the types described in 

embodiments ofKiga. 1,2,3,4, and 5 above, with II 2 to be separated in permeate stream tb 
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via valve Al. The rejected exit stream from permreactor A contains unreacted paraffins, 
product olefins, and non-permeate hydrogen. This stream becomes stream 2 and 
optionally passes through heat exchanger B, where by the heat exchanging process steam 
is generated in stream 6 from the water or steam of stream 5 to be used in steam requiring 
cipplieaiions. 

59 Stream 7, enters into membrane permeator C. Ha is removed in permeate stream 8 
of permeator (\ through the permselective action of a metal, non-porous inorganic, 
carbon or organic membrane, Non permeating stream containing hydrocarbons (product 
olefins and traces of unreacted paraffins) exits from permeator C, through stream 9 as 
reject stream. Stream 9 has composition dependent on the paraffin conversion in 
pern irvncior A and the hydrogen separation efficiency in permeator C. By optimizing 
these two parameters, pure olefins can be produced in stream 9, to be used as direct feed 
in polyolcfin reactors E for polyolefin production (i.e., polyethylene, polypropylene) 
exiting from stream 10. Olefins from stream 9 are also used as direct feed in synthesis 
reactors, such as ethylene for ethylene oxide and ethylene glycol production, propylene 
for propylene oxide and propylene glycol production, isobutylene for oxygenated gasoline 
production. Produced pure hydrogen from the described process can be used into same 
fuel and synthesis applications as described in embodiment of Figs. I and 3. Paraffin 
dchydrogenation reactions are endothermic, and reactor A receives heat from flue gas 
streams ;t ? 4 to drive dehydrogenation reactions (4) to completion, 

60 The described process is able to overcome the thermodynamic equilibrium 
limitations of paraffin hydrocarbon conversion met in conventional reactors, through the 

rvmovnl of product H3 in memhnm* perm rencior A and pormenlor C, Kndothcrmic h<?uk 
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tan be provided in dehydrogenaior A through the combustion of flue or waste 
hydrocarbons or unreacted recycled hydrocarbons from the reaction zone of reactor A as 
also described in embodiments of Figs. 1,3 and 5 above. 

ftl Permeable dehydrogenator A can be substituted by non-permeable (e.g., non- 
porous stainless steel wall) dehydrogenaior A. Valve Al and stream lb are eliminated and 
all post -reaction gases exit from stream 2. Permeator C still operates in same function as 
described above. 

is an embodiment which is related with these described in Figs.6 and 7 t but 
vviih stream I to contain hydrocarbon feedstocks such as methane or higher alkanes such 
as naphtha and natural gas also alcohol feedstocks such as methanol, elhanol, propanol, 
bulanol mixed with steam only and introduced in catalytic permreactor A which is filled 
with catalyst particles lo conduct the methane steam reforming reaction (1) and the 
simultaneously occurring water gas shift reaction (3). Some hydrogen may be added into 
stream I, which is usually between 1-15% of the feed volume, lo depress carbon 
formation from hydrocarbon cracking especially in the inlet of the reactor A. 
63 Catalytic permeable reformer A, is of any of the types described in embodiments 
of T igs. 1 ,2.3.4, and 5 above, with H 2 to be separated in permeate stream lb via valve A I T 
in the general case. Ib and CO2 combined, can be separated in permeate stream in special 
applications, tf an organic membrane is used in permreactor A, The rejected exit stream 
from the permreactor may contain product C0 2 , CO, unreacted steam (H 2 0(g)) and 
hvdrocui bon, and non-permeate H2. This stream becomes stream 2 and enters into heat 
exchanger B, where ihc unreacted steam is removed through condensation, and by the 
heal exchanging process new stenm in generated in stream 8 from the water or stoam of 



Received from <> at 3128(03 7:06:03 PM [Eastern Standard Time] 




MAR-29-03 07=42 AM ~ . P-16 



stream 7. Stream 8, can provide steam in perrnreactor A and reactor H through streams 6 
and 1 0.20 respectively, in an alternative or simultaneous manner via use of valves Bl ,K1 . 
The steam in X acquires the exchanged heat load from stream 2, the hot gas effluent from 
permeable reformer A, and thus its derived streams 6,10*20 can be mixed directly with 
streams 1 and 14 which are fed directly into reactors A and E respectively. 
M Steam from 8 is used via streams 10,20 and valve El to provide initial steam in 
reformer K. Stream 9 passes through a bed of particles (moisture adsorbent) C to remove 
any non-condensed traces of moisture and through exit stream 1 1 enters into membrane 
permeator D. Stream 1 1 has been cooled in temperature of permeator D and contains CO, 
CO->, un reacted hydrocarbon, non-permeate H2 gas species. 

f>5 \iz or both H 2 and CO? are removed in permeate stream 12 of permeator ]\ 
through the permselective action of a metal, non-porous inorganic* carbon or organic 
membrane respectively. Non permeating stream containing hydrocarbon (e.g.. CM4), CO 
urul CO.. or hydrocarbon and CO respectively, depending on the type of membrane used 
in permeator O, exits from permeator D, through stream 13 as reject stream. In ease 
wherein stream 13 contains hydrocarbon and CO it can be recycled via valve Dl and 
.stream ? into first permeable reformer A for continuous reforming and conversion to 
main l l 2 and C0 2 products. Alternatively, by use of valve Dl, stream 13 becomes stream 
1 4 which enters into steam reformer E for additional reforming and shift reactions, via 
reactions ( ! ) and (3) and additional conversion to H 2 and C0 2 products, In case w herein 
stream ! * contains hydrocarbon, CO and C02, using valve Dl, stream 13 becomes stream 
14 which enters into modified steam and CO2 reformer E for additional reforming and 
.shifl reaction*, via reactions (1), (2) and (3) and conversion to H s , CO, C0 2 products. 
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Reformer K* can be replaced by a permeable reformer E similar to permeable reformer A, 
wherein II 2 is separated in permeate and the reject exit stream 1 7 consists of product CO 
and CG 2 or C0 2 only. 

66 Reformers A and E are endothermic and flue gas streams 3,4 and 15,16 
respectively are used to provide the necessary heat content to drive parallel reactions (1). 
1 2) and (3) 10 completion. The two reformers can operate at same or different reaction 
lempcsroture and pressure conditions. If conversion is high in permeable steam reformer A 
under certain operating conditions, the product in stream 2 is mainly CO2 and non- 
permeaie H2 which can be used directly in applications described already in embodiment 
of Tigs, I and 3, 

67 If the overall process consists of two reformers and the intermediate pcrmeator, 
and the final product is H 2 and C0 2 in exit stream 21, this product can be used separately 
or il can be mixed with stream 12 to make a combined H 2 and C0 2 stream to be used in 
similar applications. Alternatively, C0 2 can be condensed cryogenically from the binary 
mixture and pure hydrogen product is produced. Final H 2 product can be used for 
chemical synthesis or as direct feed in fuel cells and gas turbines and engines for power 
generation applications (e.g., transportation, stationary), same to these described in 
embodiment of Fig.6. 

dK The described process is able to overcome the thermodynamic equilibrium 
limitations of hydrocarbon (CH 4 ) and steam reaetant conversion, through the removal of 
H : product only, or of the combined H : and C0 2 products in membrane permreaetor A 
and permeaior D. The calorific value of the obtained II 2 , C0 2 product in permreaetor A, is 
higher thin this of the reaetant hydrocarbon (e.g., CH 4 ) and steam mixture, becmifle the 
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provided endothermic heat of reaction is stored in the products and can be subsequently 
released by using products as fuels or in chemical synthesis. 

Assuming 100% conversion of reactions (1) and (3), J mol of CH 4 (with heal of 
combustion: 212.8 kcal) and 2 mol of H 2 0(g) (with no heat of combustion) generate 1 
mol of COj (with no heat of combustion) and 4 mol of H2 (with heat of combustion: 
273..1 kcal). These values arc at 25°C. This corresponds to about 28% increase in calorific 
value for the product gases. By providing external heat through flue or waste gas input in 
the reformers and with the described two heat exchangers in place, the energy 
requirement of the one reactor-one permeator or two reactor-one perrneator cascades is 
fulfilled and the processes operates in a thermally independent manner providing for an 
energy efficient design. Endothermic heal can be provided in reformers A and K through 
the combustion of flue or waste gases or unreacted recycled hydrocarbons from the 
reaction /one of reformers A and E, as also described in Figs. 1,3,3 above. 
70 Fig. 10, is an embodiment of a steam and CO2 hydrocarbon reforming process 
which includes a permeable reformer or a non-permeable reformer followed by u 
cryogenic separator for separation of certain post-reaction gases exiting from the reject 
exit of the reformer. In Fig. 10, stream 1 is introduced into catalytic permreactor A. 
containing hydrocarbon feedstocks such as methane (CJI4) mixed with steam and C0 2 for 
conducting simultaneously reactions (1), (2) and (3), or mixed with CO2 only for 
conducting reactions (2) and (3). Some hydrogen may be added into stream 1, which is 
usually between 1-15% of the feed volume, to depress carbon formation from methane 
crocking especially in the inlet of permreactor A. 
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1 I Catalytic permeable reformer A, is of any of the types described in embodiments 
of Figs, 1,2,3 A and 5 above, with to be separated from the reformer, and exit in 
permeate stream lb via valve Al. The rejected exit stream from the permreaotor contains 
product CO together with unreacted steam (H 2 0(g)), C0 2 , and hydrocarbon, and non- 
perinea le I I?. This stream becomes stream 2 and enters into a steam condenser C wherein 
ihe unreacted steam is condensed and by the heat exchanging process new steam is 
generated in steam 17 from the water or steam of stream 16. Steam through stream 17 is 
recycled into stream 1 in inlet of reformer A. Stream 5 free of steam, exits from 
condenser C and enters into cryogenic separator B, which operates at a temperature tower 
lhan the boiling temperature of carbon dioxide and hydrocarbons so that these compounds 
are separated as liquids and collected in the bottom of the separator (operating cryogenic 
temperature of the separator is a negative number which has larger absolute value than the 
absolute value of any of the boiling points of the liquified components above). However, 
operating cryogenic temperature of separator is higher than the boiling points of carbon 
monoxide and hydrogen so that these compounds remain in the gas phase and exit from 
the separator as a gas mixture (operating cryogenic temperature of the separator is u 
negative number which has smaller absolute value than the absolute value of the boiling 
points of both hydrogen and carbon monoxide). Liquified components exit via stream 7 
through valve Bl. Gas phase hydrogen and carbon monoxide exit as stream 6 via valve 
lil. Liquified stream 7 can be recycled into the feed stream of reformer A (stream 1) via 
stream 8 after evaporation in evaporator D. Alternative^ stream 8 can be further 
processed in another reforming reactor by becoming stream 9 which enters into reformer 
I-, i\>r additional ateum and CO* reforming of any remaining hydrocarbons via reactions 



Received from <> at 3/28/03 7:06:03 PM [Eastern Standard Time] 



MAR-29-83 



07 : 43 



AM 



(I). (2) and (3). Optional, steam in reformer E is provided via stream 18. Streum 10 
exiling the reformer can optionally condense the containing unreacted steam by passing 
through the heat exchanger F. Inlet stream 1 1 contains water which becomes steam in 
stream 12 after passing through F. Steam in stream 12 can optionally fed into reformer K 
vi;i valve HI. Stream 13 exiting the heat exchanger F is dry, and contains Ih and CO as 
main products with traces of unreacted hydrocarbons and CO2 depending on the operating 
lemperalure and pressure of the reformer E and the composition of feed streams 10 and 
12. 

72 Recovered H2 and CO in stream 13 can be either used separately or optionally be 
combined with stream 6 from the separator to make one stream to be used as fuel or in 
chemical synthesis. Direct application of the produced H 2 and CO mixture is in methanol 
synthesis via the direct exothermic reaction: CO+2H2 rr CH 3 OIi also in Fischer- 1 ropsch 
type reactions for production of gasoline type hydrocarbons, and as fuel in gas turbines 
and engines and solid oxide fuel cells for power generation. Similarly, H 2 recovered in 
stream 5, can be used as fuel or in chemical synthesis, as described in embodiment of 
Fig.fr. The described process is able to overcome the thermodynamic equilibrium 
limitations of hydrocarbon (e.g., CH 4 ), steam and C0 2 reactant conversion, through the 
removal «fll 2 and H 2 and CO gases in membrane permreactor A and cryogenic separator 
ft respectively. Kndothermic heat in reformers A and E is provided through gas streams 
3.4 and 14J5 respectively. Streams 3, 14 can be fed by a bypass stream of exit stream 2, 
as also described in embodiments of Figs. 1,3,5. The reformer A can be optionally 
substituted by a non-permeable reformer A, wherein stream lb and valve Al are 
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eliminated and all product ih is included in post-reaction mixture entering through 
stream 2 into cryogenic separator B. 

7? Fig. t L is a modified embodiment of the process described in Fig.6. It applies to 
complete conversion of hydrocarbon (i.e M C1U) and CO2 reaetants of stream 1 f within the 
permeable reformer A, to Ih and CO products. The occurring reactions are (1 ),(2),(3) or 
i2M3) only. Catalytic permeable reformer A, is of any of the types described in 
embodiments of Figs. 1,2,3,4, and 5 above, with H2 to be separated in permeate stream 3 
viii valve Al. Exiting from the permreactor, stream 2, containing only CO and non- 
permeating Ih, or CO, non-permeating Ih, and traces of unreacted steam, enters into a 
solid oxide fuel cell (SOFC) unit B. Stream 2 is directed in the anode of the solid oxide 
cell, and consists the fuel constituent of the fuel cell. 0 2 in stream 4, is directed in the 
cathode of the fuel cell and consists the oxidant, for the well known electrochemical 
reaction conducted within the cell with electric current generation; 

In Anode: H 2 * O 2 " — >H 2 0 + 2e" 

In Cathode: 0 3 + 4e — - >20 2 " 
Optionally, part of hydrogen from permeate stream 3, can be fed into stream 2, via bypass 
stream 3b, to adjust the composition of H 2 in stream 2 to that required to feed the fuel cell 
I J. The reformer A can be optionally substituted by a non-permeable reformer A, wherein 
all product H 2 is included in exit stream 2. Flue gas streams 5 and 6, are used to provide 
the endothcrmic heat content into the reformer A. Stream 5 can be fed by a bypass stream 
of exit stream 2 r as also described in embodiments of Figs. 1,3,5. Permeable reformer A 
can be substituted by a non-permeable (e.g., stainless steel) reformer A, Valve Al and 
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streams 3, 3b are eliminated and all posi-reaetion gases exit from slream 2. Fuel cell B 
still operates in same function as described above, 

74 Fig. 12, is an embodiment which describes a modified operation of the process 
described in Fig.6. Jt applies to complete conversion of hydrocarbon (i.e., CH 4 ) and C0 2 
rcactanls of stream 1, within the permeable reformer A> to lh and CO products. The 
occurring reactions within the reformer are (1 ),(2),(3) or (2),(3) only. Catalytic permeable 
reformer A, is of any of the types described in embodiments of Figs. 1,2,3 A and 5 above, 
with Hj to be separated in permeate stream lb via valve Al. Exiting from the 
pcmirenctor, stream 2, containing only CO and non-permeating H2, or CO, non- 
permeating Hi, and traces of unreacted steam, passes through heat exchanger B and 
moisture adsorbent C to remove unreacted steam, and enters into permeator D as a dry 
stream. Hydrogen is separated in stream 1 1 from carbon monoxide, rejected by the 
membrane, and exiting via stream 12. Carbon monoxide, via stream 12, can be optionally 
led into a consecutive water gas shift reactor H for conversion to final 1 12 and CO2 
products. A heat exchanger F is used in exit of the water gas shift reactor E, to remove 
an>' unreacted steam, with final stream 15 to contain only lh and CO2. The reformer A 
CLin be optionally substituted by a non-permeable reformer A, wherein all reaction product 

1 h is included in exit stream 2 and stream lb, valve A 1 are eliminated, 

75 Hydrogen from stream 11 can be used in applications mentioned already in 
embodiment described in Fig.6 and Fig.9. Similarly CO from stream 12, or l\ 2 and CO? 
from stream 15 can be used in aforementioned applications described already in 
embodiments of Pigs.6,9 and 10. 
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76 Fig. J 3. is an embodiment of a modified process of the process described in Fig.6. 
Ii pertains to methanol production from the products of the reforming reaction occurring 
in reactor A, and the subsequent utilization of methanol in a methanol-steam reforming 
reactor. The process describes the complete conversion of hydrocarbon (i.e.. ClU) and 
('(.>:« rcactants, in stream 1, within the permeable reformer A, to H 2 and CO products. The 
occurring reactions are (l),(2X(3) or (2),(3) only. Catalytic permeable reformer A, is of 
my of the types described in embodiments of Figs. 1,2,3,4, and 5 above, with lb to be 
separated in permeate stream lb via valve Al. Hxiting from the permreactor, stream 2, 
containing only CO and non-pcrmeating H 2 , or CO, non-permeating lb* and traces of 
unreaeted steam, passes through heat exchanger B and moisture adsorbent C to remove 
unreaelcd steam and yield an all dry stream of Ui and CO. Stream 8, of II 2 and CO 
(synthesis gas) enters into the methanol synthesis reactor D, wherein methanol is 
produced via the following exothermic reaction: CO-KZfb^CIbOH, AH'W" 
-128.2kJ/mol (13.1). Reactor D, is a three phase slurry type reactor or a catalytic plug 
How reactor with methanol to be produced in gas or liquid phase depending on the 
temperature, pressure and feed composition in the reactor and the type of catalyst used, 
/inc. copper and chromium oxide catalysts arc well known to convert synthesis gas to 
methanol. Methanol from stream 9 is fed to a methanol driven fuel cell for electric current 
generation. Optionally, stream 9 containing methanol enters into steam reforming reactor 
K for continuous catalytic methanol-steam reforming reaction in similar type catalysis. 
The reforming reaction in reactor E is as follows: CHjOH+FhO-IHj KX) 2 , 
All'W -40.5kJ/mol (13.2). Exiting from the reactor H t gaseous stream 11, condenses 
unr^octod steam and methanol in heat exchanger F, and the exit product gas thmugh 
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stream 14 is H 2 and CO2. Steam in reactor E is provided through streams 6J0J3.1S 
which is generated by the heat exchanging process in heat exchangers B and F. 
Tl Pure and CO2 mixture from exit stream 14, can be used as feed in molten 
carbonate fuel cells or in alternative methanol synthesis via the opposite reaction of 
methanol steam reforming, listed above. Optionally, bypass stream 16 can be fed into 
stream X to add C0 2 and H2 into the synthesis gas mixture fed into reactor D, to adjust its 
composition for increasing methanol production efficiency in the catalyst in reactor D via 
ihc- reverse (13.2) reaction. Optionally also, stream lc, which is a bypass stream of stream 
I b and contains pure hydrogen, can be recycled into stream 8 via stream 16, for adjusting 
the hydrogen composition in this stream where necessary, to increase the efficiency of 
methanol synthesis in reactor D, Streams 15 and 1c merge into stream 16 via valve Dl. 
7X Hydrogen in stream 14 can be used as a mixture with CO2, or as pure H 2 after the 
Cih condensation and removal. Produced hydrogen from streams lb and 14, can be used 
in applications mentioned already in embodiments described in Fig.6 and Fig.9. The ll 2 
and CO.. mixture of stream 14 can be used in synthesis or fuel applications mentioned 
already in same embodiments. Reformers A and E are endothermic and flue gas streams 
v4 nnd 1 8,10 respectively are used to provide the necessary heat content to drive parallel 
reactions 0), (2), (3) and (13.2) respectively to completion. Streams 3 and 18 can be fed 
by a bypass stream of stream 2. Optionally, reformer A can be a non-permeable reformer 
with only one post-reaction outlet (exit), this of stream 2, which delivers all products and 
unreaded reactants into the heat exchanger B and next into reactor D. 
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